Multiple epiphyseal dysplasia (MED) is a mild chondrodysplasia affecting the structural integrity of cartilage and causing early-onset osteoarthrosis in adulthood. The condition is genetically heterogeneous. Mutations in the COMP gene and in two genes (COL9A2; COL9A3), coding respectively for the a2(IX) and a3(IX) chains of type IX collagen, can cause the autosomal dominant forms of MED. Mutations in the DTDST gene have recently been identified in a recessive form of MED. However, for the majority of MED cases, the genetic defect still remains undetermined. We report a three-generation family with an autosomal dominant form of MED, characterised by normal stature, joint pain in childhood and early-onset osteoarthrosis, affecting mainly the hips and knees. Based on discordant inheritance among affected individuals linkage of the phenotype to the COMP, COL9A1, COL9A2, COL9A3 genes was excluded. Our study provides evidence that at least another locus, distinct from COL9A1, is involved in autosomal dominant MED. European Journal of Human Genetics (2001) 9, 606 ± 612.
Introduction
Multiple epiphyseal dysplasia (MED) is a clinically mild and genetically heterogeneous osteochondrodysplasia. The condition usually presents in childhood with complaints of fatigue and pain in the hips and/or knees after exercise. In the initial stage of the disease, radiographs of the skeleton reveal a delay in epiphyseal ossification. Later, small and irregular epiphyses appear, most pronounced in the hips and knees. In adulthood, the disorder is characterised by normal to mild short stature and early-onset osteoarthrosis. 1, 2 The first MED locus identified was the cartilage oligomeric matrix protein (COMP) gene (EDM1, OMIM#132400). 3 Mutations in the COMP gene can also cause pseudoachondroplasia, a more severe but related osteochondrodysplasia. 4, 5 Subsequently, mutations in two genes coding for the a-chains of type IX collagen (COL9A2; COL9A3) were identified in MED patients (EDM2, OMIM#600204; EDM3, OMIM#600969). 6, 7 Interestingly, the mutations in the COL9A2 and COL9A3 genes all result in skipping of exon 3 during mRNA processing. EDM1, 2 and 3 all show autosomal dominant inheritance. Recently, homozygosity for a R279W mutation in the diastrophic dysplasia sulphate transporter (DTDST) gene has been shown to cause a recessive form of MED (EDM4, OMIM#226900). 8 However, in a significant proportion of MED patients no mutations at the known loci have been identified 9, 10 (KL Chapman and MD Briggs (unpublished observations) and L Ala-Kokko (personal communication)).
In this study we report a family with an autosomal dominant form of MED, in which we excluded linkage to the known loci for autosomal dominant MED (COMP, COL9A2 and COL9A3). Linkage to another candidate gene (the gene encoding the a1(IX) chain of type IX collagen ± COL9A1) was also excluded. Our data provide strong evidence for the existence of a fourth locus involved in autosomal dominant MED.
Materials and methods

Subjects
All living relatives in a Belgian, three-generation family with MED were clinically examined. Radiographs of the skeleton were performed in the affected individuals and in those suspected to have the disorder based on clinical grounds. Comprehensive clinical and radiographic evaluation allowed the conclusion that eight family members were indeed affected ( Figure 1 ). After informed consent, all agreed to full cooperation with the study.
Linkage analysis
Blood samples for DNA analysis were taken and genomic DNA was prepared by standard methods. PCR amplification of microsatellite markers was carried out in 10 ml PCR reactions containing 2 mM MgCl 2 ; 10 mM Tris-HCl pH 8.3; 50 mM KCl; 0.2 mM each of dATP, dCTP, dGTP and dTTP; 5 pmol of each primer and 50 ng of genomic DNA. Reactions were carried out in a 96-well microtitre plate using a Hybaid PCR express thermal cycler and 35 cycles of 948C for 30 s, 578C for 30 s and 728C for 45 s were performed. Primer sequences of the newly identified markers were for the COL9A2 marker (atta/gt) n : 5'-AGGGGAAGGTATTATGCTGGAG-3' (forward) and 5'-GAC-CAGCCTGGGTCTCAACAC-3' (reverse) and for the COL9A3 marker (CA)n : 5'-GGCATTCCAGAAGGGTTTGCT-3' (forward) and 5'-TTCTGCTGGGCTCCTTAGCTG-3' (reverse).
PCR products were resolved by electrophoresis on a 6% polyacrylamide gel using an ABI 373A DNA sequencer and data analysed using the ABI 672 genescan collection and genescan PCR analysis software. Genotypes were assigned and LOD scores were calculated using MLINK within LINKAGE version 5.20. For these calculations MED was defined as an autosomal dominant disease with full penetrance.
Results
Clinical and radiographic findings
We had the opportunity to study the clinical and radiographic phenotype of several affected individuals at different ages ( Figure 1 ). The youngest patient IV-2 was a 19-monthold girl. Her physical examination was normal and she had no clinical complaints. The diagnosis was already suspected at the age of 8 months because of absent ossification of the proximal femoral epiphyses and small and irregular knee epiphyses (Figure 2a ). Her older brother IV-1 was also affected with complaints of pain in hips and knees after exercise from the age of 3 years. Physical examination at the age of 5 years revealed a height of 97 cm (P3=100 cm), normal gait and limited extension at the elbows. Radiographs of the hips and knees demonstrated small and irregularly contoured epiphyses with mild metaphyseal changes (Figures 2b; 3b) . Radiographically, the hands were characterised by delayed ossification of normally contoured carpal bones, mild shortening of the metacarpals and phalanges, flattened distal radial epiphysis and irregular distal ulnar metaphysis. The epiphyses of the other long tubular bones were also flattened and delayed in ossification. The spine was normal.
The father III-2 and paternal uncle III-3 (the initial proband of the family) had a congruent history of pain in the knees from early childhood. Both had a normal stature (III-2: 169 cm; III-3: 172 cm). Radiographs of III-3 at the age of 12 years showed small proximal femoral epiphyses with fragmentation on the right side ( Figure 3c ). Radiographs of the knees of III-2 at 14 years of age revealed flattened epiphyses with striated femoral metaphyses ( Figure 2c ). The epiphyses of other tubular bones also were affected. Radiographs of the hands of III-3 at 15 years of age were normal. Radiographic evaluation of the grandfather (II-2) revealed dysplasia with secondary osteoarthrosis of hips and knees, but a normal spine. Two paternal grandaunts (II-7, II-8) had similar joint complaints from childhood on. Individual II-7 underwent surgery at the age of 12 years because of a slipped epiphysis at the right hip. On this side hip replacement was performed at the age of 47 years. Individual II-8 had a knee replacement at the age of 58 years. Radiographs of the hips and knees at the age of 29 years also revealed hip and knee dysplasia (Figure 2d ).
Linkage analysis
In order to determine whether the MED phenotype in this kindred was consistent with linkage to any of the known or candidate MED loci, we used PCR-based genetic linkage analysis with polymorphic markers that were either intragenic, or closely linked, to the tested genes ( Table 1 ). The tested genes were those that encode cartilage oligomeric matrix protein (COMP) and the three constituent chains of type IX collagen (COL9A1, COL9A2 and COL9A3). Because mutations in the type II collagen gene have been reported in families with precocious osteoarthrosis, 16 linkage to COL2A1
was also performed to establish conclusively that the phenotype did not result from a mutation in the COL2A1 gene. It became apparent that whilst there were good genetic markers for COMP, COL9A1 and COL9A2, there was not a 15 ), located approximately 29 kb to the 5' end of exon 1 of COL9A2 (Table 2) .
Genotypes were generated at each polymorphic marker and based on discordant segregation of alleles amongst affected individuals, a mutation in any of the tested genes could be excluded as causing MED in this family (Figure 4) . Two-point LOD scores calculated between the disease phenotype and each of the markers confirmed that they were excluded, with a LOD score in excess of 72 at y=0.001 (Table 3) . To generate two-point LOD scores, only those individuals who had undergone a comprehensive clinical and radiographic examination were included in the linkage calculation (II-2, II-7, II-8, III-2, III-3 and IV-1). Individuals II-6 and II-9 were used to infer paternal genotypes only and their affection status was defined as unknown during linkage calculations. 
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Discussion
We report a three-generation family with several relatives affected by multiple epiphyseal dysplasia. The disorder shows autosomal dominant inheritance. The condition is characterised clinically by complaints of easy fatigue and joint pain, mainly in the knees and hips, starting in early childhood. Stature is normal but signs of osteoarthrosis present early in adulthood. One patient had a hip replacement at the age of 47 years, another underwent knee replacement at 58 years. Radiographic abnormalities are already observed at the age of 8 months, before the onset of clinical symptoms. The epiphyses are primarily involved but the metaphyses also appear mildly abnormal. Before puberty, the epiphyses in the large joints are small and irregular, with both hips and knees mainly affected. In early childhood, the hand radiographs show small carpal bones with normal contours. Significant brachydactyly is absent and double layered patellae not observed. Except for Schmo Èrl noduli in some of the affected individuals, the vertebral column remains normal. We compared the radiographic features of the affected family members with those reported in other MED patients with a COMP, COL9A2 and COL9A3 mutation. 17 The hip abnormalities in our family were less severe than those observed in patients with a COMP mutation. On the other hand, the hips were more affected than in patients with a type IX collagen defect. The knee abnormalities in our family did resemble more the COL9A2/COL9A3 phenotype, however, without progression with age. There was rather a tendency of improvement of the knee changes. Hand radiographs were quite normal. Although carpal bones were small for age, carpal irregularity (as seen in both COMP and COL9A2/ COL9A3 patients) was not observed. Significant brachymetacarpalia with small epiphyses was not present in our family.
Through genetic linkage studies we have shown that the MED phenotype in this family is not the result of a mutation in any one of the three genes (COMP, COL9A2 and COL9A3) known to cause the autosomal dominant forms of MED. 3 ± 7 The possibility of a mutation in COL9A1, a candidate gene for MED since it encodes the a1(IX) chain of type IX collagen, was also excluded. Our data provide strong evidence that at least a fourth locus, distinct from COL9A1, is involved in autosomal dominant MED. This is consistent with the observation that in~50% of MED patients no mutation can be identified in the genes encoding the COMP monomer or one of the constituent a-chains of type IX collagen 9 (KL Chapman and MD Briggs (unpublished observations) and L Ala-Kokko (personal communication)). Approximately 30% of all MED cases result from mutations in the COMP gene 9 and although COMP appears to be the major MED locus so far identified, it still accounts for less than half of the MED cases. This study is the first step in the identification process of another important gene causing MED. The characterisation of this gene will ultimately help us in elucidating the cause of MED in those cases in which the genetic defect still remains to be determined. Because of the dominant inheritance pattern of the phenotype, a gene coding for another structural component of the cartilage extracellular matrix, would be a good candidate. Moreover, a gene encoding a protein that interacts with the other proteins involved in MED, is not unlikely. COMP and type IX collagen have been shown to interact with high affinity and mutations in the type IX collagen genes have been reported to cause a reduction of COMP-type IX collagen interactions. 18 In addition, the DTDST gene, causing the recessive form of 
